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Within Bombaci’s phenomenological single-nucleon potential model we study the neutron-proton
effective mass splitting m∗n −m
∗
p in neutron-rich matter. It is shown that an effective mass splitting
of m∗n < m
∗
p leads to a symmetry potential that is inconsistent with the energy dependence of the
Lane potential constrained by the nucleon-nucleus scattering experimental data.
PACS numbers: 25.70.-z, 25.70.Pq., 24.10.Lx
One of the most fundamental properties characterizing
the propagation of a nucleon in nuclear medium is its ef-
fective mass[1, 2, 3]. The latter describes to leading order
the effects related to the non-locality of the underlying
nuclear effective interactions and the Pauli exchange ef-
fects in many-fermion systems. In neutron-rich matter,
an interesting new question arises as to whether the ef-
fective mass m∗n for neutrons is higher or lower than that
for protons m∗p. Microscopic many-body theories, e.g.,
the Landau-Fermi liquid theory[4] and the Brueckner-
Hartree-Fock (BHF) approach[5], predict that m∗n > m
∗
p
in neutron-rich matter. On the other hand, some effective
interactions within phenomenological approaches predict
the opposite[6]. Unfortunately, up to now almost noth-
ing is known experimentally about the neutron-proton
effective mass splitting m∗n−m
∗
p in neutron-rich medium.
Knowledge about nucleon effective mass in neutron-rich
matter is critically important for understanding several
properties of neutron stars[7, 8, 9]. It is also important
for the reaction dynamics of nuclear collisions induced
by radioactive nuclei, such as, the degree and speed of
isospin diffusion, the neutron-proton differential collec-
tive flow as well as the isospin equilibrium[6, 10, 11, 12].
Moreover, it influences the magnitude of shell effects and
basic properties of nuclei fare from stability[1]. How-
ever, even the sign of the neutron-proton effective mass
splitting remains rather controversial theoretically. It is
thus imperative to constrain the neutron-proton effective
mass splitting in neutron-rich matter using experimental
data. In a recent study by Rizzo et al.[6], nuclear reac-
tions with radioactive beams were proposed as a means to
disentangle the sign of the neutron-proton effective mass
splitting in neutron-rich matter. In this note we take a
completely different approach for the same purpose. We
show that an effective mass splitting ofm∗n < m
∗
p leads to
a symmetry potential that is inconsistent with the energy
dependence of the Lane potential constrained by existing
nucleon-nucleus scattering data. The effective mass split-
ting of m∗n < m
∗
p is thus ruled out phenomenologically
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using experimental data indirectly.
The effective mass m∗τ of a nucleon τ (n or p) is deter-
mined by the momentum-dependent single nucleon po-
tential Uτ via[3]
m∗τ
mτ
=
{
1 +
mτ
h¯2k
dUτ
dk
}
−1
k=kFτ
, (1)
where kFτ is the nucleon Fermi wave number in asymmet-
ric nuclear matter of isospin asymmetry δ ≡ (ρn − ρp)/ρ
with ρ, ρn and ρp being the nucleon, neutron and proton
density, respectively. The effective mass defined in Eq. 1
is the so-called k-mass which is identical to the total ef-
fective mass when the single nucleon potential is energy-
independent[2, 3]. For the single nucleon potential Uτ ,
following Rizzo et al.[6] we use the phenomenological for-
malism of Bombaci[13]
Uτ (k, u, δ) = Au+Bu
σ
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5ρ
0
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2
(3C − 4z1)Iτ + (C + 2z1)Iτ ′
]
+
(
C ±
C − 8z1
5
δ
)
u · g(k), (2)
where u ≡ ρ/ρ0 is the reduced density and ± is for neu-
trons/protons. In the above Iτ =
2
(2pi)3
∫
d3kfτ (k)g(k),
g(k) is a momentum regulator g(k) ≡ 1/
[
1 +
(
k
Λ
)2]
,
and fτ (k) is the phase space distribution function. The
parameter Λ = 1.5K0F where K
0
F is the nucleon Fermi
wave number in symmetric nuclear matter at normal
density ρ0. With A=-144 MeV, B=203.3 MeV, C=-75
MeV and σ = 7/6 the Bombaci formalism reproduces
all ground state properties including an incompressibil-
ity of K0=210 MeV of symmetric nuclear matte[6, 13].
It should be noticed that the Bombaci expression is an
extension of the well known Gale-Bertsch-Das Gupta
formalism[14] from symmetric to asymmetric nuclear
2matter. The various terms are motivated by the HF anal-
ysis using the Gogny effective interaction[16, 17]. This
potential depends explicitly on the momentum but not
the total energy of nucleons. Thus the k-mass obtained
is the same as the total effective mass. One should also
mention that only the last term is momentum dependent.
Thus the Λ parameter sets the scale of the momentum
dependence of the nucleon potential Uτ and also the scale
of the effective mass. The value of Λ parameter was de-
termined by the ground state properties of symmetric
nuclear matter. It can also appropriately reproduce the
momentum dependence of the empirical isoscalar nuclear
optical potential as we shall show in the following. The
expressions in Eq. 2 leads to an effective mass[6, 13]
m∗τ
mτ
=

1 +
−
2mτ
h¯2
1
Λ2
(
C ± C−8z15 δ
)
u[
1 +
(
kF0
Λ
)2
(1± δ)2/3u2/3
]2


−1
. (3)
It is noticed that the (1± δ)2/3u2/3 term comes from the
nuclearn Fermi wave number kFτ squared, and ± is for
τ = n/p. The three parameters x0, x3 and z1 can be
adjusted to mimic different predictions on the density-
dependent symmetry energy and the neutron-proton ef-
fective mass splitting. Two sets of parameters can be
chosen to give two opposite nucleon effective mass split-
tings, but almost the same symmetry energy Esym(ρ)[6].
The parameter set z1 = −36.75 MeV, x0 = −1.477 and
x3 = −1.01 (case 1) leads to m
∗
n > m
∗
p while the one
with z1 = 50 MeV, x0 = 1.589 and x3 = −0.195 (case 2)
leads to m∗n < m
∗
p at all non-zero densities and isospin
asymmetries. Shown in Fig. 1 are the nucleon effective
masses as functions of density and isospin asymmetry in
both cases. It is seen that the neutron-proton effective
mass splittings, opposite in signs, increase in magnitudes
in both cases with the density and isospin asymmetry.
Thus large magnitides of effective mass splittings can be
obtained in dense neutron-rich matter. These two sets of
parameters were shown to lead to rather different results
for several observables in heavy-ion reactions induced by
neutron-rich nuclei[6].
Our analysis is based on the consideration that both
the isoscalar and isovector parts of the single nucleon po-
tential must have asymptotic values at ρ0 in agreement
with the real parts of the corresponding nucleon optical
potentials constrained by nucleon-nucleus scattering ex-
periments. We first examine the isoscalar potentials with
the two sets of parameters. The quantity (Un + Up)/2
is a good approximation of the isosclar potential since
the δ2 in eq. 2 is negligibly small. It is now customary
and a more stringent test of the isoscalar potentials to
compare them with the variational many-body (VMB)
predictions by Wiringa[15, 16, 18, 19]. In the VMB the-
ory the single nucleon potential was obtained by using a
realistic Hamiltonian that fits nucleon-nucleon scattering
data, few-body nuclear binding energies and nuclear mat-
0 1 2 3
ρ/ρ0
0.5
0.6
0.7
0.8
0.9
1
m
*
τ/m
τ
0 0.2 0.4 0.6 0.8
δ
0.5
0.6
0.7
0.8
0.9
1
m
*
τ/m
τ
0 1 2 3 4
0 0.2 0.4 0.6 0.8 1
n
p
n
p
δ=0.2
ρ=ρ0
δ=0.2
n
p
Case 1 Case 2
n
p
ρ=ρ0
FIG. 1: (Color on line) Nucleon effective masses as a func-
tion of density (upper window) and isospin asymmetry (lower
window) with the two parameter sets (see text).
ter saturation properties. It also reproduces the experi-
mental nucleon optical potential available mainly at low
energies[20]. Shown in Fig. 2 is a comparison of isosclar
potentials using eq. 2 with the VMB predictions using
the UV 14 two-body potential and the UV II three-body
potential[15]. First of all, the isoscalar potentials are al-
most independent of the neutron-proton effective mass
splittings as one expects. In both cases the isoscalar
potentials using eq. 2 are in good agreement with the
VMB predictions up to about k = 2.5fm−1. At higher
momenta where combinations of different two-body and
three-body forces lead to somewhat different predictions
especially at high densities[15], the Bombaci formalism
leads to slightly lower values. Nevertheless, the quality
of agreement with the VMB predictions found here is
compatible with those using all other models[16, 18].
We now turn to the isovector part of the nucleon po-
tential in both cases. The strength of the isovector
nucleon optical potential, i.e., the symmetry or Lane
potential[21], can be extracted from ULane ≡ (Un −
Up)/2δ at ρ0. Systematic analyses of a large number
of nucleon-nucleus scattering experiments at beam en-
ergies below about 100 MeV[22] indicates undoubtedly
that the Lane potential decreases approximately linearly
with increasing beam energy Ekin, i.e.,
ULane = a− bEkin (4)
where a ≃ 22− 34 MeV and b ≃ 0.1− 0.2[23, 24]. Shown
in Fig. 3 are the theoretical symmetry potentials in the
two cases in comparison with the Lane potential con-
strained by the experimental data. The vertical bars are
used to indicate the uncertainties of the coefficients a and
b in eq. 4. It is seen that with the effective mass splitting
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FIG. 2: (Color on line) Strengths of the isoscalar potential
as a function of density at the four wave numbers for case
1 (lower window) and case 2 (upper window) in comparison
with the variational many-body calculations
m∗n > m
∗
p (case 1) the strength of the symmetry potential
decreases with increasing energy. This trend is in agree-
ment with the experimental indication. Moreover, the
slope of the calculated symmetry potential with respect
to energy is about right although the magnitude obtained
is slightly higher. Since it is not the purpose of this work
to find the best parameter set to reproduce the empirical
Lane potential, no attempt is made to readjust any of the
parameters first proposed in refs.[6, 13]. In case 2, how-
ever, the most striking feature is that the symmetry po-
tential increases with the increasing beam energy. This is
in stark contrast with the experimental indications. The
characteristically wrong energy dependence of the sym-
metry potential in this case thus excludes definitely the
neutron-proton effective mass splitting of m∗n < m
∗
p in
neutron-rich matter.
Our finding here is consistent with that of the ear-
lier work by Sjo¨berg in the framework of the Landau-
Fermi liquid theory[4], BHF predictions[5] as well as
Hartree-Fock calculations using the Gogny effective
interaction[12]. Within the Landau-Fermi liquid theory,
very interestingly, the nucleon effective mass splitting has
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FIG. 3: (Color on line) Strength of the isovector potential at
normal density ρ0 as a function of nucleon kinetic energy.
the analytical and physically transparent relation[4, 25]
(m∗n −m
∗
p)/m =
m∗nkn
3pi2
[
fnn1 + (kp/kn)
2fnp1
]
(5)
−
m∗pkp
3pi2
[
fpp1 + (kn/kp)
2fnp1
]
,
where fnn1 , f
pp
1 and f
np
1 are the neutron-neutron, proton-
proton and neutron-proton quasiparticle interactions
projected on the l = 1 Legendre polynomial, as for the
effective mass in a one-component Fermi liquid. Micro-
scopic NN interactions predict all f1’s are negative in
symmetric matter at nuclear matter density and in asym-
metric matter at tree-level. It can be seen then that the
proton effective mass is smaller in neutron-rich matter
due to the coupling of the protons to the denser neutron
background, i.e., the term (kn/kp)
2fnp1 is dominant in the
Eq.5 above, leading to m∗n > m
∗
p as shown numerically
in Fig. 3 of ref.[4].
In summary, using the Bombaci phenomenological for-
malism for single nucleon potentials in isospin asymmet-
ric nuclear matter we analyzed the isoscalar and isovector
nucleon optical potentials in comparison with the em-
pirical ones constrained by the experimental data. We
found that a neutron-proton effective mass splitting of
m∗n < m
∗
p leads to a characteristically wrong energy de-
pendence of the Lane potential. Thus, the possibility of
m∗n < m
∗
p in neutron-rich matter is ruled out indirectly
by the experimental data.
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